The current-voltage ͑I-V͒ characteristics obtained by scanning tunneling spectroscopy ͑STS͒ on uncoated gold substrates and gold substrates coated with self-assembled monolayers of aromatic thiols are shown to be in good quantitative agreement with the Landauer-Büttiker approach to the heterojunction conductance. The self-assembled monolayers consist of one and three chained phenyl rings, forming an azomethine oligomer; both monomer and trimer are chemisorbed on gold via sulphur while terminated from the opposite side by an amine head group. It is found that if the electrostatic energy of the applied potential is ramped within the HOMO-LUMO energy gap ͑highest occupied molecular orbital-lowest unoccupied molecular orbital͒ the particular form of the apparent I-V relations reflect an interplay of ͑i͒ the WKB factor that accounts for the through-air tunneling between the STM tip and the coated/uncoated substrate, ͑ii͒ resonancelike structure of the tip-apex local density of states ͑LDOS͒, and ͑iii͒ the relative position and intensity of the HOMO and LUMO level peaks in the molecular LDOS. The latter two factors give rise to asymmetry of I-V characteristics. The tunneling spectroscopy measurements and their theoretical evaluation indicate that the STM tip probes a molecular carbon atom rather than the uppermost nitrogen, possibly due to plowing through the molecules. The findings of the work are supported by a close similarity of measured and calculated I(V) curves, which is obtained on different but genetically related samples, at different setpoints of the tunnel current, and with essentially one and the same set of parameters ͑inferred from experiments and semi-empirical self-consistent modeling of the molecular electronic structure͒.
I. INTRODUCTION
In this paper, we will investigate electron transport properties in single molecular chains. The study of conductance in such chains is generally complicated by a random molecular orientation and a distribution of chain lengths. In addition, for many experiments the contacts between metal pads and the molecule are ill-defined and cross-linking between chains is not excluded. In contrast, the segment by segmentgrowth we have pursued ͑see the experimental part͒ yields an ordered array of parallel and -conjugated oligomers, where, in principle, the coupling to the substrate can be known in atomic detail. Above all such a structure would offer the possibility to address individual molecules by making use of a scanning tunneling microscope ͑STM͒ tip as a second contact. Since the tunnel current is exponentially decaying with substrate-tip distance, it is reasonable to assume that only one or few molecules are addressed in a current-voltage measurement.
A successful attempt is presented to obtain satisfactory quantitative agreement between the theory describing electron transport in metal-molecular heterojunctions and a series of experiments on related molecules performed with one and the same experimental setup. The measurements discussed in this paper refer to both a bare gold substrate and gold substrates covered with a chemisorbed monolayer of a conjugated monomer and respective oligomer ͑trimer͒.
A theoretical model used for interpreting experimental results is based on a Green function version of the LandauerBüttiker approach to the heterojunction conductance ͑de-scribed in detail elsewhere 1 ͒. Unlike previous related experimental-theoretical studies, 2, 3 in addition to the molecular electronic structure we also explicitly take into account the tunneling through the gap between the tip and coated/ uncoated substrate by means of the WKB approximation. It will be shown that a good correlation can be obtained between the experiment and theoretical estimates of the tipsubstrate distance at different setpoints of the tunnel current. This supports the accepted model of the metal-molecular junctions as is described further on.
It is argued that the resonancelike structure of the tip local density of states on one hand and, on the other hand, the identity of a molecular conjugated atom, which is actually probed by the STM tip ͑not necessarily the outermost one͒, are playing a crucial role in forming the apparent I-V relation. The agreement between theory and STM spectroscopy experiment on different but related samples is obtained only if both of the above mentioned factors are properly taken into account. The fact that one and the same set of parameters is used to model all molecules is an indication for the strength of the suggested theoretical approach.
II. EXPERIMENT
Gold substrates are prepared as follows: a clean Si͑100͒ wafer is oxidized to obtain a flat SiO 2 layer of about 200 nm thickness, and cut afterwards into samples of 6ϫ19 mm. By e-beam evaporation, a 100-nm Au film is deposited on top of this layer. The substrates are then annealed in N 2 ambient for 3 hours at 300°C. This process results in a relatively smooth gold ͑111͒ surface with small ͑50 nm͒ atomically flat terraces, as evidenced by STM topography measurements.
Gold substrates prepared in this way were used as a starting point to synthesize conjugated oligomers from their constituting monomer building blocks. The molecules containing one central aromatic ring and two functional groups at the para positions were bonding to the substrate by means of a gold-thiol bond or were linking to the monolayers below and above ͑in the growth process͒ by means of an imine bond. The monomers were deposited alternately on the gold substrate by making use of self assembly: the substrates are immersed in a 10 to 20 mM solution of the organic building blocks in deoxygenated ethanol. Immersion times varying from a few hours up to a day are sufficient to cover the substrate with molecules and let them react with all available surfaces. A detailed analysis of the growth process is given elsewhere. 4 In Fig. 1 , the resulting family of the related molecules is shown. In this paper, we will concentrate on 4-ATP and ATD, since they are most similar.
Scanning tunneling microscopy and spectroscopy measurements are done on a Digital Instruments Nanoscope IIIa system with a TipView head using freshly cut Pt 0.80 Ir 0.20 tips. All experiments shown here were performed with the specimen in air. Typical tunneling parameters are: bias voltage (V) of 500 mV and tip current of 50 to 500 pA. I(V) data represent the average of 20-50 consecutive I(V) sweeps taken on a gold ͑111͒ terrace, at a fixed position on the terrace. Control measurements in nitrogen and on different spots of one and the same sample were also performed. From the collected I(V) curves, only those were included in averaging that were going through ͑0, 0͒ and the setpoint. Assuming mostly fluctuations in z as the source of noise in the I(V), we have averaged ln(I) versus V. The polarity of the bias voltage is defined, in the conventional way, as representing the voltage on the substrate. This means that for negative sample bias voltage electrons tunnel from sample to STM tip.
III. THEORETICAL MODELING AND INTERPRETATION
The total current in a scanning tunneling experiment can be described on the basis of a transfer Hamiltonian formalism developed by Bardeen. 5 Tersoff and Hamman 6 have made the first successful attempt to apply it in the context of an STM set up. In the limit of low temperature and under the assumption of weak STM tip-sample interaction the tunneling current can be expressed as
where I 0 ϭ(2e/h)ϫ(e.s.); e.s. stands for an appropriate energy scale; under the integral the Fermi energy E F , the difference in the electron electrostatic energy between the tip and substrate eV, and the metal work function ⌽ are in units of e.s.; s (E) is the ͑dimensionless͒ local density of states ͑LDOS͒, which refers to an atom on the substrate surface which is probed by the STM tip; t (E) has the same meaning but with regard the tip-apex atom; the exponential factor in Eq. ͑1͒, where d is the distance between the substrate and tip ͑in Å ngströms͒ and e.s. is one electron volt, accounts for the through air sample-to-tip tunneling in the WKB approximation.
Equation ͑1͒ is equally applicable to describe the electron tunneling between an uncovered metal ͑bare gold͒ substrate and STM tip, and when the former is replaced by a substrate with a chemisorbed molecular monolayer. The difference between the substrates used in these experiments has to be properly reflected in a definition of substrate LDOS. We start the discussion from the data obtained on bare gold substrates in which case s (E) refers to the LDOS of a presumably ideal metal surface.
A. Bare surface gold substrate
Typical experimental I-V curves obtained for bare substrate surfaces are shown in Fig. 2 by filled squares. A noteworthy feature of these data is a systematically larger deviation of the registered current from the Ohm law for negative voltages. This indicates a larger electron current from sample to tip, than that in the opposite direction.
The observed sublinear increase of the current is consistent with an exponential dependence of the tunneling probability on the tunnel barrier height which, as is implied by Eq. ͑1͒, is effectively lowered when the applied voltage increases. However, the asymmetry of I-V curves cannot be understood in this way, since the suppression of the potential barrier should be the same for both signs of V, unless the electronic structures of the substrate and tip are not identical. According to previous estimates 3 the local density of states at the substrate metal surface is nearly constant. Indeed, if the quality of the metal surface is good enough, there are no physical reasons for a significant variation of the LDOS in the vicinity of the Fermi energy. As an example, the LDOS at a ͑100͒ surface of a cubic lattice exhibits a small variation within the range of E F Ϯ2 eV ͑Fig. 2͒ which has been an actual interval of the electrostatic potential energy in our experiments. So, to model I-V characteristics of the bare gold substrate-STM tip contact, in the first approximation we can neglect the energy dependence of LDOS at a clean metal surface, i.e., in the given case s (E) is set to be a constant value.
Unlike the substrate metal surface, the quality of which was carefully controlled, the real shape of the ''working part'' of STM tip is never known. It is for sure, however, that it is far from being ideally flat. Therefore, for t (E) the approximation of a constant LDOS is obviously not applicable.
Here, it is reasonable to use some simple model which accounts for the atomic structure of tip apex. As such we consider an atom placed on the otherwise ideal surface. It is well known 7 that the LDOS at an adsorbed atom may have a pronounced resonancelike structure. The question is at which energy the resonance associated with the presence of an adatom has to be expected?
Suppose for simplicity that an atom is adsorbed in an on-hollow position of a ͑100͒ NϫN square surface of semiinfinite cubic lattice described by the tight-binding Hamiltonian with the nearest-neighbor hopping integral L. Then, the tip LDOS can be expressed in terms of the effective
with the spectral density A I (E) given by
where the summation runs over propagating modes only.
In the above equations, e.s.ϭ͉L͉, a is the electron on-site energy at the adatom, V a ϭL a /L, L a is the hopping integral between the adatom and one of its four nearest neighbors on the metal surface, and k j 1 ,j 2 is related to E by the energy conservation law ͑in units ͉L͉͒ EϪE F ϭϪ2͕cos k j1,j2
In calculations we set Nϭ50 that insures A I (E) to be independent of the transverse dimension. Practically, the convergence to an A I (E)'s constant value is attained at Nу20.
The distance between the extra atom and its nearest neighbors on the surface is likely to be somewhat smaller than the interatomic distance of the surface square lattice. As a consequence, the corresponding electron hopping integral has to be larger than its counterpart within the supporting surface.
The calculations of Eq. ͑2͒ show that, if V a Ͼ1, there are two peaks in the adatom LDOS, see Fig. 2 . One of these peaks which is more intense lies above the middle of the tight-binding band determined by the parameter L. The other one is below E F . The latter is either very weak or ͑for larger values of V a ͒ it is far more distant from E F and also less intensive. Physically, the adatom LDOS resonance structure originates from the adatom electron state ͑the more pronounced peak͒ and the electron states of the four surface atoms perturbed by the interaction with the adatom embedded between them. Thus, the model suggests that there is a peak in the tip LDOS lying close to and above the Fermi energy. An additional argument in support of shifting the resonance upwards is that the apex atom has a smaller number of neighboring atoms to interact and hence, its on-site energy must be somewhat higher.
The LDOS of the apex atom just described gives an explanation of the I-V characteristic asymmetry observed for the bare gold substrate-tip tunnel contact. It is as follows, an increase of the substrate electrochemical potential results in an accompanying increase of the density of unfilled electron states due to approaching to the intense peak of the tip LDOS. Thus, an additional enhancement of the negative current ͑as is observed in our experiments͒ has to be regarded as a likely occurrence.
To calculate the I on V dependence ͑1͒ with the substrate LDOS s (E)ϭconst, and tip LDOS as defined above, the zero voltage barrier, i.e., the work function ⌽ has been de- duced ͑of value Ϸ2 eV͒ from the IϪV spectroscopy data obtained in the ohmic regime. The value of I 0 can easily be found from the ohmic slope at a low current, e.g., the set point Iϭ0.2 nA, Vϭ0.5 V.
As is seen from Fig. 2 , with the only fitting parameter V a ϭ1.8, our model of STM tip LDOS agrees well with experimental data. It is used, therefore, ͑with an unchanged value of ⌽ϭ2.2 eV͒ in further modeling of tunnel contacts with gold substrates covered by molecular monolayer.
B. I-V characteristics of metal-molecular contacts
In the molecules which are used in these experiments the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ associate with the electron states. It is reasonable to assume that just the molecular electronic subsystem plays a major role in forming the tunnel current between a monolayer-coated substrate and STM tip.
Denoting the molecular ͑ system͒ Hamiltonian by Ĥ m , and the p z orbitals of the molecular atoms, which are coupled electronically to the substrate and tip, respectively, by ͉1͘ and ͉N͘, the molecular electronic structure can be included into the substrate local density of states s (E) as
where the modulus of hopping integral ␤ between phenylring carbons is used as the energy scale ͑e.s.͒,
͘ is the ͑dimensionless͒ matrix element of the molecular Green function, which refers to the states ͉1͘ and ͉1͘ ͉͑N͒͘. Equation ͑4͒ implies that sulphur is in the on-hollow position, i.e., that A I (E) is defined in Eq. ͑3͒ with V a replaced by V s ϭL s /␤, L s has the same meaning as L a but refers to the sulphur atom.
The subsystem parameters ͑see for reference Figs. 3 and 4͒ which are needed to calculate the LDOS of a molecular monolayer coated substrate, have been found as follows. As a first step, they have been agreed with semi-empirical SCF calculations with the use of the PM3 Hamiltonian for an optimized geometry of the given molecule but without sulphur head group. The values of Hückel parameters indicated in Fig. 4 ensure a remarkably good reproducibility of the SCF results not only for the eigenenergies but also for the full electronic structure in the molecular ground state, see Table I .
To describe accurately the subsystem of phenyl-based oligomers headed by a thiol group, the use of the lone atomic orbital approximation for sulphur atom is not sufficient. However, for orientational estimates of the tunnel current it is good enough to use the sulphur parameters that agree with the shift of the HOMO level, which is produced by a thiol end group attached to the main body of the molecule. As above, the latter effect has been calculated at the PM3 SCF level. The sulphur parameters obtained in this way are represented in Fig. 4 . The sulphur-metal coupling constant V s has been treated here as a fitting parameter.
4-ATP monolayer
With the system parameters just specified the LDOS ͑4͒ calculated at nitrogen and the closest carbon atom of 4-ATP molecule chemisorbed on a substrate is shown in Fig. 3 . It is a characteristic feature of this molecule electronic structure that the HOMO and LUMO peaks of LDOS ͑labeled in the figure as H and L, respectively͒ have a pronouncedly different intensity. In the nitrogen LDOS the 
was used as
s (E) in Eq. ͑1͒ to calculate I-V relations in the lower part of the figure, solid lines. To obtain I(V), we set V s ϭ0.58 ͑V a is of the same value as in Figs. 2 and 5͒ , the right-hand side maximum of t (E) is lower in energy by 1.32 eV as compared with Fig. 2 , and dϭ4.5 and dϭ4 for, respectively, the smaller and larger current set-points.
FIG.
4. Schematic structure of the ATD ͑ϭ HS-C 6 H 4 -N-CH-C 6 H 4 -CH-N-C 6 H 4 -NH 2 ͒ molecule ͑trimer͒ chemisorbed on gold with an indication of Hückel parameters used to calculate the LDOS at the nitrogen atom of the amine end group and C 4 atom of the second phenyl ring. For the respective monomer ͑H 5 C 6 -NH 2 ͒ and dimer ͑H 5 C 6 -N-CH-C 6 H 4 -NH 2 ͒, the eigenvalues and eigenvectors of the molecular Hamiltonian with the same parameters as given here are represented in Table I. HOMO peak is much more intense than its LUMO counterpart. For the LDOS at the ␣ carbon the situation is just reversed.
The above observation is of importance. It indicates that depending on which molecular atom is actually ''probed'' by the STM tip, the current response to the positive and negative tip-sample bias will be substantially different. For example, if the tip sees nitrogen then, from the LDOS consideration the substrate-to-tip current must be larger. Taking also into account the negative current enhancing effect of the tip electronic structure, as discussed above, one has to expect a much stronger nonlinearity of the negative current in the I-V characteristic of 4-ATP samples in comparison with bare gold samples.
However, such an expectation is in obvious conflict with the experimental data represented in Fig. 3 . One can see that the presence of the molecular monolayer results in a stronger nonlinearity for both signs of the applied voltage.
To remove the contradiction, we have to admit that the nonlinear increase of the tip-to-sample current is due to an intense LUMO peak in the molecular LDOS. In other words, we assume that the tip is coupled with ␣ carbon more strongly than with nitrogen. The experimental data also suggest that the actual maximum of the tip LDOS has a somewhat lower energy in comparison with the case of bare gold substrate. Then, a good agreement of theory with the observed current response can be obtained under a natural assumption that the Fermi energy of unbiased sample fits the middle of the molecular HOMO-LUMO gap ͑see caption of Fig. 3 for the values of other fitting parameters͒.
A point to emphasize is that despite a seemingly large number of the model parameters, theoretical I-V curves cannot agree with experiment unless we accept a stronger tip coupling with the ␣ carbon of phenyl ring, and not with the nitrogen. Such an occurrence cannot be ruled out as nonrealistic, if one takes into account that the average deviation of the molecular axis from the normal to the substrate surface is about 30°and the fact that nitrogen is ''screened'' from the tip by two hydrogens, see insets of Fig. 3 .
Thus, according to our model the following three factors are responsible for the current nonlinearity observed on 4-ATP samples: ͑i͒ suppressing the tunnel barrier by the applied electric field ͑the effect is independent of the voltage sign͒; ͑ii͒ the current enhancement due to a more intense LUMO peak and less intense HOMO peak of the molecular LDOS ͑larger contribution to the positive tip-substrate, than to the negative current͒; and ͑iii͒ the substrate-tip current enhancement due to the tip LDOS peak associated with the tip apex atom. This physical picture is also consistent with the experimental data on ATD-based samples.
ATD monolayer
The model molecular Hamiltonian used in these calculations predicts nearly one third decrease of the HOMO-LUMO gap of ATD in comparison with 4-ATP molecule. This agrees well with a general trend in the dependence of the electronic structure of linear conjugated molecules on the molecular length. 9, 10 One would prepare, therefore, to see a much more pronounced nonlinearity of I to V response for samples with a trimer ATD monolayer on gold; at least from the side of a more intense molecular LDOS peak. In fact, the actual nonlinearity increase, which was observed experimentally, turned out to be quite modest; compare the experimental data represented in Figs. 3 and 5. The reason is that, as the molecular electronic levels are approaching each other with the increase of the oligomer length, the LDOS peaks which correspond to these levels are narrowing, see inset Fig. 5 . Not surprisingly therefore, that in terms of the molecular ability to transmit electrons, the two effects mentioned above nearly cancel each other.
Furthermore, the current measured on ATD samples is of the same order as that maintained by 4-ATP samples. However, according to Eqs. ͑1͒, ͑2͒, and ͑4͒, if the substratemolecule coupling constants of these samples do not differ much ͑both molecules are attached to metal via sulphur and therefore, we do not see any reason for a large difference in the sulphur-metal coupling constants between 4-ATP and ATD samples͒ then, even at the distance dϭ2 between the tip and ATD terminating nitrogen or next to it carbon atom, the tunnel current must be at least one order of magnitude weaker than that observed experimentally. We have to assume therefore, that the tip sees an atom between the second and the third phenyl rings of the trimer. Again, comparing the calculations with the corresponding experimental data ͑including a comparison of the molecular length with estimates of a likely distance between the tip apex and substrate metal surface͒ it was concluded that the atom interacting with the tip apex is C 4 of the second phenyl ring. A reasonable agreement of theoretical curves with experiment, see Fig. 5 , supports such a conclusion.
Inelastic scattering effects
The physical picture of tunnel current across a molecule spanned between metal electrodes that is developed above does not include energy dissipation effects. In the present context, many likely mechanisms have been discussed in literature. 3, 11, 12 The basic equation of this analysis has been derived from the exact expression of the ballistic current obtained within the Green function formalism. 1 The latter can be generalized, to take into account the effects of inelastic scattering.
11,13
Technically, such a generalization may be quite a difficult task, since it requires the precise definition of scattering mechanisms. To avoid unnecessary complications, we use the constant energy damping approximation that proved to give a rough but useful estimate of how the tunnel current can be changed by the electron interaction with phonons and/or other subsystems.
For the purpose, a small imaginary part of the electron energy has been assumed at the level of the exact expression of I(V) in terms of the Green function. As an example, the tip LDOS and the bare gold substrate-STM tip current are represented in Fig. 6 for the different values of damping factor. As expected, the energy dissipation effect suppresses the LDOS peaks and increases their half width. The corresponding effect on the tunnel current is in a clear correlation with these changes of the tip LDOS. A reasonable choice of the damping factor improves the agreement between theory and experiment: for the damping factor of 0.01͉L͉ (Ϸ0.01 eV) the calculated and measured I-V relations are almost indistinguishable.
IV. CONCLUSION
We have established a model to describe tunneling electron transport through related small conjugated molecules. We have shown that agreement between experiment and theory can be obtained for these molecules, by only varying the substrate-tip distance, while keeping the different hopping integrals and on-site energies constant. This is a remarkable result which indicates the strength of the model. In order to get agreement with tunneling experiments, it is essential that an appropriate local density of states is used for the tip. Also, the intrinsic molecular properties are important to take into account, since the molecular electron system governs the tunnel current between the coated substrate and STM tip.
Agreement with ellipsometry experiments on these kind of molecules by Rosink et al. 4 was also found. From their thickness measurements it was established that the molecules are tilted slightly with respect to the surface normal. In this paper, it is shown that the tip does not necessarily probe the outermost atoms, but instead that it is likely to be coupled to the C 4 carbon atoms in the first and second aromatic ring of 4-ATP and ATD, respectively. The observation that the tip is apparently not probing the outermost atom of the molecule is possibly due to plowing of the tip through the molecular monolayer, combined with the molecule tilted configuration.
